The model dicotyledon Arabidopsis thaliana has a characteristic small sub-family of phytochrome-interacting bHLH (basic Helix-Loop-Helix) factors, which are collectively designated the PIL (or PIF) (PHYTO-CHROME INTERACTING FACTOR-LIKE) family proteins. In this study, we identified and characterized a set of highly homologous members (designated OsPIL11 to OsPIL16) in the model monocotyledon rice (Oryza sativa). Some of them (OsPIL11, OsPIL12, and OsPIL13) showed the ability to interact with the putative OsPRR1 (PSEUDO-RESPONSE REGULA-TOR 1) clock component, as far as the results of yeast two-hybrid assays were concerned. It was found that the expression of OsPIL13 is under the control of circadian rhythms (clock), while the expression of OsPIL15 is negatively regulated by light upon the onset to light exposure of etiolated seedlings. When the rice genes (OsPIL11 to OsPIL15) were over-expressed in A. thaliana, the resulting transgenic seedlings displayed anomalous morphologies with very long hypocotyls during early photomorphogenesis. These results suggest the view that the identified OsPILs are functional counterparts (or orthologs) of AtPILs, which are known to play important roles in red light-mediated (phyA and/or phyB-dependent) signal transduction pathways at immediate positions downstream of the photoreceptor in A. thaliana.
For higher plants, light is one of the most prominent environmental signals. It regulates almost all aspects of developmental stages as well as physiological states. In this respect, the model higher plant Arabidopsis thaliana has at least three types of common photoreceptors: phytochoromes (phyA, phyB, phyC, phyD, and phyE) for red and far-red light, and cryptochromes (cry1 and cry2) and phototropins (phot1 and phot2) for blue light. 1) These photoreceptors act coordinately with each other at almost every developmental stage, from seeds varied, germination, shade avoidance growth, day/night adaptation, to control of flowering time. Such light-signal transduction pathways must be properly integrated into the downstream global regulatory network at the level of transcription.
2) Hence a thorough understanding of the functions of plant photoreceptors and of the downstream light-responsive transcriptional regulators is one of the major paradigms of current plant biology.
In A. thaliana, the early red and far-red lightresponsive genes include a number of transcription factors with different DNA-binding motifs.
2) Mutational lesions at loci encoding some of these transcriptional regulators somehow impair the responses of plants to light. For instance, the first characterized bZIP transcription factor is HY5 (HYPOCOTYL 5), mutational lesions in which result in the phenotype of longhypocotyls under red, far-red, and blue light. 3, 4) One of the earliest responses to a low red/far-red ratio is acute up-regulation of the homeodomain transcription factor HAT4 (HOMEOBOX FROM ARABIDOPSIS THALIANA 4). 5, 6) Over-expression of HAT4 from a constitutive promoter enhances longitudinal stem growth, implying its involvement in shade avoidance responses. CCA1 (CIRCADIAN CLOCK ASSOCI-ATED 1) is a MYB-related transcription factor that appears to be involved in the expression of Lhcb1*3 (LIGHT harvesting chlorophyll a/b-binding). 7, 8) Interestingly, this transcription factor is believed to be a major component of the central clock implicated not only in time-keeping, but also in red light-responsive signal transduction. 9, 10) In addition, the best characterized ones are a small sub-family of bHLH transcription factors, which have been implicated in a wide variety of phytochrome-mediated light-responses. [11] [12] [13] The foundy To whom correspondence should be addressed. Tel: +81-52-789-4090; Fax: +81-52-789-4091; E-mail: t2706775@mbox.nagoya-u.ac.jp Abbreviations: PIF/PIL, PHYTOCHROME INTERACTING FACTOR-LIKE; CCA1, CIRCADIAN ASSOCIATED 1; PRR1, PSEUDO-RESPONSE REGULATOR 1; TOC1, TIMING OF CAB EXPRESSION 1; phyA/B, phytochromeA/B; At, Arabidopsis thaliana; Os, Oryza sativa ing example is PIF3 (PHYTOCHROME INTERACT-ING FACTOR 3). [14] [15] [16] [17] As first described for PIF3, the members of this bHLH sub-family tend to interact directly with phyB. It has been proposed that upon irradiation by red light, phyB in its Pfr form migrates from the cytosol to the nucleus, where it binds to PIF3 on DNA. Thus this type of transcription factors provides a short-cut from the phyB photoreceptor to gene expression. Intensive characterization of these light-responsive transcription factors is one of the major paradigms of the current plant photobiology.
Among the more than 140 bHLH factors of A. thaliana, we have been characterizing the PIF3-like subfamily of bHLH factors. 12, 18) These include PIL1, PIL2, PIF3, PIF4, PIL5 (also known as PIF1), PIL6, and several others (see Fig. 1 ). [11] [12] [13] As mentioned above, they commonly tend to interact with phyB through the conserved PIL-motif (also designated the APB [AC-TIVE PHYTOCHROME BINDING] motif) at their Nterminal end (see Fig. 1 ). 12, 13) In addition to pif3, certain pif4 and pil6 mutants similarly cause hypersensitivity of the hypocotyl-growth inhibition during early photomorphogenesis in response to red light. [16] [17] [18] [19] Hence they serve as negative regulators in phyB-mediated regulation of hypocotyl-elongation. Interestingly, the expression of PIF4 and that of PIL6 are under the control of circadian rhythm.
12) PIL5/PIF1 is also a negative regulator in the synthesis of protochlorophyllide (the immediate precursor of chlorophyll). 20) PIL5/PIF1 appears to be implicated also in the regulation of germination. 21) PIL1 was first identified by its ability to interact with the clock component PRR1/TOC1 (PSEU-DO-RESPONSE REGULATOR 1/TIMING OF CAB EXPRESSION 1) in yeast two-hybrid assays. 22) Later, it was found that other PIL members also have the ability to interact with PRR1/TOC1 under the same experimental conditions. 12, 13) PIL1 and PIL2 were then suggested to be required for shade avoidance in response to low red/far-red ratios in the growth of the stem. 23) Taken together, these results suggest that PIL family transcription factors are involved in a wide variety of immediate early responses to light that are primarily mediated by phytochromes in A. thaliana. Furthermore, they might also have certain linkages to the mechanisms underlying a wide variety of circadian clock-controlled biological events in plants.
When we considered this current progress in the field of light-signal transduction in the model dicotyledon, a simple and critical question arose as to whether the homologous PIL family of bHLH transcription factors is conserved in other higher plants. Systematic sequencings are currently underway for the entire genomes of many plant species, and it was recently done for Oryza sativa (rice). 24) Taking the opportunity, we made an effort to answer this question with special reference to the model monocotyledon. A set of highly conserved OsPILs were identified and characterized in rice. Evidence is also provided to support the thesis that the identified OsPIL factors are counterparts (or orthologs) of AtPILs, as judged by their biological functions in A. thaliana.
Materials and Methods
Plant growth conditions and related materials. Oryza sativa (Nipponbare) were a grown in growth chamber at 28 C on agar plates containing MS salts and 1% sucrose. Light was provided by florescent white tube (400-700 nm, 100 mmol m À2 s À1 ). Arabidopsis thaliana (Columbia ecotype, Col) were mainly used as wild-type plants, and they were grown as described previously, 12) unless otherwise noted.
Preparation of RNA. Total RNA was isolated by the method described by Carpenter and Simon. 25) When RNA samples were used for RT-PCR amplification, they were treated with DNase I (TAKARA BIO, Inc., Shiga, Japan).
Northern blotting. For northern blot hybridization, total RNA (10 mg each) was separated in agarose gels (1.2%) containing 0.67 M formaldehyde, and then transferred to Hybond-N þ membranes (GE Healthcare BioSciences Corp., NJ, USA). The fixed membranes were hybridized with 32 P-labeled DNA fragments in 6Â standard saline phosphate and EDTA (1Â SSPE = 0.18 M NaCl, 10 mM phosphate buffer, 1 mM EDTA, pH 7.4), 5Â Denhardt's solution, and 0.5% SDS containing 10% dextran sulfate and 100 mg/ml salmon sperm DNA, at 65 C for 18 h. The membranes were washed once with 2Â SSPE and 0.5% SDS for 15 min at room temperature, once with 2Â SSPE and 0.5% SDS for 30 min at 65 C, and then with 0:2Â SSPE and 0.5% SDS for 15 min at 65 C. The washed membranes were exposed and analyzed on a phosphor image analyzer (BAS-2500II) (FujiFilm, Tokyo, Japan). These northern blotting analyses were reproducibly carried out at least twice. If the results were ambiguous, the experiments were repeated. Representative data are shown.
Probes for northern blot hybridization. Several double-stranded 32 P-labeled DNA probes were used to detect each specific mRNA. The probes used were amplified by polymerase chain reaction with an appropriate set of primers. Primer pairs were as follows: OsPIL13, 5 0 -ATGAATTCATGAACCAGTTCGTCCCT-GATTGGAGC-3 0 and 5 0 -AAGAATTCTTATCCTGAT-CCTGTGTTGGGTGCATTTTCAGG-3 0 , and OsPIL15, 5 0 -ATGAATTCATGGATGCGGGTGCAACTGCAAG-GTCG-3 0 and 5 0 -AAGAATTCTTATTTTATGGTCCC-ATCAGATGAGGATGGAATGACAGCG-3 0 . Each 32 Plabeled probe was prepared by the Megaprime DNA Labeling System (GE Healthcare Bio-Sciences Corp., NJ, USA).
Cloning of cDNAs each encoding OsPILs. To amplify cDNAs from a rice total RNA preparation, an RT-PCR kit was used according to instructions (BcaBEST RNA PCR Kit, TAKARA BIO, Inc., Shiga, Japan) with specific primers. The resulting PCR fragments were cloned and sequenced with an automated DNA sequencer (ABI PRISM 3130-Avant Genetic Analyzer, Applied Biosystems, CA, USA), with the recommended sequencing kits according to instructions. The following primers were used for each cDNA amplification: OsPIL11, 5 0 -TAGGATCCTAATGGCGATTTGCAGCACGGACAA-CGAGCTGGTGGAG-3 0 and 5
0 , and OsPIL15,
Yeast two-hybrid. A kit for two-hybrid analysis was obtained (Clontech Laboratories, Inc., CA, USA). This kit contained all the tools essential for two-hybrid assay, including vectors: pGBKT7, providing the GAL4 DNA binding domain, and pGADT7, providing the GAL4 activation domain. Two-hybrid assays were carried out essentially as recommended in the manual. The following plasmids were constructed in this study from pGBKT7 for use as bait and pGADT7 for use as prey: pGBKT7-AtPRR1, pGBKT7-OsPRR1, pGADT7-At-PIL1, pGADT7-OsPIL11, pGADT7-OsPIL12, and pGADT7-OsPIL13. In each, the corresponding coding sequence was appropriately connected to the GAL4 DNA-binding domain of pGBKT9 and the GAL4 activation domain of pGADT7.
Transformation of OsPILs to the Arabidopsis plant.
The entire coding sequences of OsPIL11-cDNA, OsPIL12-cDNA, OsPIL13-cDNA, OsPIL14-cDNA, and OsPIL15-cDNA were cloned by PCR-aided amplification, and then inserted into the pSK1 vector 26) at the XbaI-NotI site downstream of the CaMV 35S promoter, to yield pSK1-OsPIL11, pSK1-OsPIL12, pSK1-OsPIL13, pSK1-OsPIL14, and pSK1-OsPIL15, respectively. Primer pairs are described above. The resulting construct was transformed into Agrobacterium tumefaciens strain EHA101, and then wild-type Arabidopsis plants (Col.) were transformed by vacuum infiltration procedures. 27) Transgenic lines segregating hygromycin B resistance as a single locus were used in further analyses, as described in the text.
Examination of light response under white light.
Seeds were sown on agarose plates containing MS salts without sucrose. They were kept at 4 C for 48 h in the dark. Then plants were grown at 22 C for 5 d under a low fluence rate of white light (15 to 40 mmol m À2 s
À1
from the top, and 50 to 90 mmol m À2 s À1 from the side) under 10 h light/14 h dark cycle conditions. Sequence analysis. We searched for homologs of the Arabidopsis PIL genes used by RiceBLAST (http://riceblast.dna.affrc.go.jp/cgi-bin/robo-blast/blast2. cgi?dbname=all) and RAP-DB (http://rapdb.lab.nig. ac.jp/index.html). The predicted protein sequences were aligned with CLUSTALW (http://www.ddbj.nig.ac.jp/). The same program was used to analyze protein phylogeny by the neighbor-joining method. The phylogenetic tree was displayed by TreeView (http://taxonomy.zoology.gla.ac.uk/rod/treeview.html).
Results
A set of PIL homologs is highly conserved in rice As mentioned in the introduction, A. thaliana has a large family of bHLH transcription factors. 28) Some of them constitute a small characteristic sub-family (des- An extensive inspection of the entire genome sequence databases of rice (Oryza sativa) revealed six candidate genes (or codingsequences) of PILs, which were designated OsPIL11 to OsPIL16. A non-rooted neighbor-joining phylogenetic tree was constructed using the amino acid sequence of the bHLH DNA-binding domain. A PIL family is composed of seven members in A. thaliana and six members in O. sativa. (HFR1, GL3, ICE1, and RAP1 are not PIL family, and are used as an out-group.) For these rice OsPIL genes, the annotated ID-code for each coding sequence was adopted from the Rice Annotation Project (http://rapdb.lab.nig.ac.jp/index.html), and the ID-codes are indicted in parentheses. For the Arabidopsis PIL family members, their characteristics are indicated in parentheses with regard to biological events in which they appear to be implicated: circadian rhythm, elongation of hypocotyls in red light, greening upon the onset of light exposure, shade avoidance, and germination (for details and references, see the introduction).
ignated the PIL family) of phytochrome-interacting bHLH transcription factors (Fig. 1) . The Arabidopsis PIL family contains at least seven members (PIL1, PIL2, PIF3, PIF4, PIL5, PIL6, and PIL8), 12) of which the founding member is PIF3. 11, 14) All of these have a common structural design, in which a highly conserved bHLH sequence is preceded by a short conserved stretch of amino acids (designated the PIL-motif) at the Nterminal end, as shown schematically in Fig. 2 . Other factors (e.g., HFR1, GL3, ICE1, and RAP1) also have bHLH sequences very similar to those of PIL family members, as shown in the phylogenetic tree (Fig. 1 ). But they do not have the PIL motif, and hence do not belong to the PIL family. In this study, we attempted to characterize PIL family homologs in Oryza sativa (rice), based on the assumption that a set of homologous transcription factors might also play crucial roles in light-signal transcription in rice too (Figs. 1 and 2) .
It has been reported that rice has more than 160 genes each encoding a putative bHLH protein. 28) To look for PIL homologs in rice, an extensive inspection of all rice databases was done (RiceBLAST: http://riceblast.dna. affrc.go.jp/cgi-bin/robo-blast/blast2.cgi?dbname=all, and RAP-DB: http://rapdb.lab.nig.ac.jp/index.html). The results are also included in Figs. 1 and 2 , which show six rice genes, each of which was inferred to encode a protein with a structural design highly homologous to those of authentic PILs of A. thaliana. These inferred rice proteins share, together with PIF3, not only a highly conserved bHLH DNA-binding domain, but also a critical PIL-motif at their N-termini (Fig. 2) . These six putative rice PILs were tentatively named the OsPILseries (OsPIL11 to OsPIL16).
Then the corresponding cDNAs (or coding-sequences) were cloned from rice (except for OsPIL16), and their nucleotide sequences were determined to confirm the occurrence of each functional gene in rice. Taken together (Figs. 1 and 2) , it was suggested that there are three pairs of OsPILs, among which the pair OsPIL13/14 appears to be a counterpart of the pair Arabidopsis PIF4/PIL6, and the amino acid sequences of another pair of OsPIL15/14 are highly similar to PIF3.
Properties of OsPILs in comparison with those of A. taliana
Compiled as above, we identified six OsPIL genes in rice. But they are putative ones in the sense that there is no experimental proof. Hence the following issues were addressed.
(i) OsPRR1 interacts with OsPILs One of the characteristic properties of Arabidopsis PILs is that they have the ability to interact physically with PRR1 (also known as TOC1), which is a crucial component of the central oscillator that generates circadian rhythms in Arabidopsis plant cells.
12) Previously we found by yeast two-hybrid assays that certain PIL family members (viz., PIL1, PIL2, PIF3, PIF4, and The PIL family was inferred to encode an amino acid sequence encompassing both the PIL-motif and bHLH signature sequences, as indicated schematically. Rice candidate genes were designated OsPIL11 to OsPIL16, and PIL-motif and bHLH signature sequences were compared with those of the founding member of A. thaliana, PIF3 (the highly conserved and/or invariant amino acids among them are indicated by asterisks, and ''h'' indicates conserved hydrophobic amino acids). The PIL-motif appears to be responsible for interaction with the phyB photoreceptor, whereas a C-terminal region encompassing the bHLH domain is involved in interaction with the PRR1/TOC1 clock component, as indicated in the figure. PIL6) are all capable of interacting with PRR1/TOC1. 12) Hence it was of interest to examine the newly identified OsPIL family with regard to this. It should first be noted that the OsPRR1 coding-sequence has been cloned and characterized. 29) Employing OsPRR1 as bait, we carried out yeast two-hybrid analyses with OsPILs as the prey (Fig. 3) . It was found that OsPIL11, OsPIL12, and OsPIL13 have the ability to interact with OsPRR1, as far as the results of the yeast two-hybrid assays are concerned. We also constructed an appropriate yeast two-hybrid vector carrying the OsPIL14 gene in E. coli cells. But the resulting plasmid could not be stably transferred into the yeast host cells for two-hybrid assay. This is probably due to the harmful effect of expressed OsPIL14 polypeptides on yeast cells. The same was seen for OsPIL15. Thus the interaction between OsPIL14 (or OsPIL15) and OsPRR1 remains elusive. It was suggested that the putative rice clock component (OsPRR1) also has the interesting property of interacting with certain OsPILs.
(
ii) The expression of some OsPIL genes is regulated by light
The expression level of each OsPIL gene in the rice seedlings was examined. With RNA samples from rice young seedlings, northern blot hybridization analyses were carried out with appropriate probes for OsPILs (except for OsPIL16). It was difficult reproducibly to detect significant levels of specific transcripts for OsPIL11 and OsPIL12, although we could amplify their transcript by means of RT-PCR, as noted above. Hence the expression of these two genes was not characterized in this study any further. On the other hand, the transcripts of OsPIL13, OsPIL14, and OsPIL15 were detected reproducibly and quantitatively in rice seedlings by northern blot hybridization (data not shown). Keeping this in mind, the light-responsive expression of OsPIL13, OsPIL14, and OsPIL15 was examined, after rice etiolated seedlings, grown in the dark, were exposed to white light (Fig. 4) . The expression level of OsPIL13 was relatively low in the dark-grown seedlings, and the transcripts considerably accumulated in the seedlings upon the onset of light-exposure. In contrast, the expression level of OsPIL15 was relatively high in the dark-grown seedlings, and the amount of transcripts decreased considerably upon the onset of light-exposure. The level of transcripts of OsPIL14 did not fluctuate significantly before or after exposure to white light under the conditions examined.
(iii) OsPIL13 is a circadian-controlled gene As to the AtPIL family, the expression of certain AtPIL genes (viz., PIF4 and PIL6) is under the control of circadian rhythm, as previously discovered. 12, 18) It was thus of interest to determine whether any of the OsPIL genes is regulated by circadian rhythm. Rice seedlings were grown under 12 h light/12 h dark cycle (LD) conditions, and then they were released to continuous white light (LL) conditions. RNA samples were prepared at intervals (3 h), and they were analyzed by northern blot hybridization with a specific probe for OsPIL13 (Fig. 5A) . The robust oscillation profile of OsPIL13 in the first 12 h light/12 h dark cycle was sustained with a period close to 24 h even during the following continuous light (or free-running) conditions. Such a free-running rhythm was not seen for the transcripts of OsPIL14 or OsPIL15 under the same LL conditions tested (data not shown).
To examine the matter further, rice seedlings were grown under 8 h light/16 h dark cycle conditions, and then RNA samples were prepared at intervals (3 h). They were probed for OsPIL13, OsPIL14, and OsPIL15 by northern blot hybridization. As expected, the expression of OsPIL13 indeed oscillated diurnally in a robust In these experiments, rice etiolated seedlings grown in the dark (6-d-old) were suddenly exposed to white light. RNA samples were prepared from the seedlings, which were harvested at appropriated times, as indicated (closed rectangle, in the dark; open rectangle, in the light). They were analyzed by northern blotting analysis with probes specific to OsPIL13, OsPIL14, and OsPIL15 respectively. manner (Fig. 5B) . Under the light/dark cycle conditions, the expression levels of both OsPIL14 and OsPIL15 appeared to fluctuate to certain extent. However, these events with OsPIL14 and OsPIL15 were most likely due to a light/dark response, not to the intrinsic (free-running) oscillation, as noted above. It was concluded that OsPIL13 is a unique circadiancontrolled gene. Considering that the expression of PIF4 and PIL6 is also under the control of circadian rhythm in A. thaliana, 12) the phylogenetic analysis indicated that OsPIL13 is the closest relative of PIF4/PIL6 (see Fig. 1 ).
Heterologous over-expression of OsPIL genes in Arabidopsis plants
The results descrived above indicate that OsPILs and AtPILs share not only characteristics of amino acid sequences ( Figs. 1 and 2 ), but also biological properties (Figs. 3, 4 , and 5). But this does not necessarily imply anything about analogy in physiological functions. The best way to address this issue is to characterize the rice OsPIL genes through genetic studies in rice itself with reference to the light responses of plants. But so far, no TOS17 insertion mutant line of rice is available for any of these OsPIL genes (http://tos.nias.affrc.go.jp/$miyao/ pub/tos17/).
Meanwhile, an alternative approach to this end is the characterization of A. thaliana transgenic lines, in which a given OsPIL gene is over-expressed ectopically. This approach was taken in this study, by transforming Arabidopsis plants (ecotype Col) with a certain OsPIL gene under the control of the strong cauliflower mosaic virus (CaMV) 35S promoter. Transgenic T2 Arabidopsis seeds were established for OsPIL11, OsPIL12, OsPIL13, OsPIL14, and OsPIL15 (at least two independent lines for each). For T3 plants containing both homozygous and heterozygous genes with regard to a given transgene, the levels of over-expressed transcripts were examined by northern blotting hybridization with appropriate probes (Fig. 6 , within the white box). It was found that each transgenic line was successfully transformed so as to over-express a given OsPIL mRNA by a large amount (the same results were obtained for another independent lines). The resulting transgenic lines were designated OsPIL11-ox (over-expressor), OsPIL12-ox, and so on. These T2 seeds were germinated on MSagar plates containing hygromycin B as the selective pressure. The resulting homozygous and heterozygous OsPIL-ox transgenic young seedlings were grown at 22 C under 8 h light/16 h dark cycle conditions in white light with a relatively low light intensity (15 to 40 mmole m À2 s À1 from the top, 50 to 90 mmole m À2 s À1 from the side) (Fig. 6) . To evaluate the results properly, the references employed were a phyB (phyB-9 lossof-function allele in Col) mutant and an Arabidopsis transgenic line of authentic PIL6-ox. 18) The reference seedlings were also examined, together with the series of OsPIL-ox transgenic lines, under the same growth conditions. As shown in Fig. 6 , the phyB mutant seedlings displayed greatly-elongated hypocotyls as compared with the wild-type seedlings, as is well known.
1) Similarly, the PIL6-ox seedlings also displayed very long hypocotyls, as long as that of phyB.
18) These results are reasonably interpreted by the view that a phyB-dependent light-signal transduction pathway is crucial for regulation of the elongation of hypocotyls, so that an unregulated elongation of hypocotyls is seen in the phyB mutant seedlings. In the PIL6-ox seedlings, the phyB-mediated signaling pathway is severely impaired because PIL6 acts as a negative regulator, and consequently PIL6-ox seedlings display a phenocopy of the A, Free-running profiles of transcription. Rice seedlings were grown as described above (except for the conditions of the LD cycle, 12 h light/12 h dark). In this experiment, however, the seedlings were transferred in continuous light (LL) conditions, as indicated (shaded rectangles indicate subjective night). RNA samples were prepared at every 3 h interval for 1 d under LD and for 2 d under LL, and they were analyzed by Northern blotting hybridization with an appropriate probe for OsPIL13 (upper panel), with loading references (rRNA, lower panel). The resulting raw data (lower panel) were quantified (BAS-2500II) and normalized. B, Diurnal profiles of transcription. Rice seedlings were grown for 14 d, as described previously, 29) under light cycle conditions of 8 h light/16 h dark as indicated (open rectangle, light; closed rectangle, dark). RNA samples were prepared at every 3 h interval for 48 h, and they were analyzed by northern blotting hybridization with appropriate probes indicated (OsPIL13, OsPIL14, OsPIL15), with appropriate loading references (rRNA). Hybridized bands were detected by BAS-2500II. The values (relative amounts of transcript) were plotted (middle panel), the maximum value being taken as 10.
phyB mutant seedlings. Keeping this logic in mind, it was found that the various OsPIL-ox transgenic seedlings displayed similar phenotypes with regard to the elongation of hypocotyls, although the severities of the phenotypes varied significantly from one OsPIL-ox to another (Fig. 6) . These results led us to conclude that these over-expressed OsPIL polypeptides in A. thaliana have the functional ability to interfere with the lightsignal transduction pathway, presumably in a way similar to that by which homologous PIL6 interferes with the phyB-dependent signaling pathway that regulates the elongation of hypocotyls in response to changes in the quality and/or quantity of light. These phenotypes were reproducibly seen in another transgenic lines that were independently established for these OsPIL-ox lines (data not shown). In any event, these results strongly support the idea that these OsPILs serve as negative regulators of phyB-dependent light-signal transduction in A. thaliana. Hence it is tempting to assume that they are true counterparts of AtPILs from a biological viewpoint.
Discussion
Arabidopsis seedlings and plants respond very sensitively to the intensity of red light and/or the ratio of red/ far-red. Among five phytochromes, phyA and phyB are mainly responsive in the mechanisms underling such red light responses. 1, 30) In particular, the importance of phyB can easily be recognized by the characteristic morphology of plants lacking the functional phyB photoreceptor (e.g., phyB mutants), which display a morphology of long hypocotyls under certain natural growth conditions of light (or a given fluence rate of red light) (see Fig. 6 ).
1) Downstream of the phytochromes, many transcription factors must be assumed to constitute a sophisticated network of transcriptional regulation. 2) Among such light-responsive transcription factors, a set of phytochrome-interacting bHLH factors belonging to the PIL family are very intriguing, as mentioned earlier (see the introduction). In this study, a set of highly conserved OsPILs were identified and characterized in model monocot rice. Evidence is also provided to support the idea that the identified OsPIL factors are counterparts (or orthologs) of AtPILs, as judged from a biological viewpoint (Fig. 6 ).
Among these six OsPILs, OsPIL13 is particularly characteristic in that (i) it has the ability to interact with the putative rice clock component OsPRR1 (or Os-TOC1), (ii) its expression is controlled not only by lightsignals, but also by a circadian clock at the level of transcription, showing a robust free-running rhythm, (iii) when the OsPIL13 gene is ectopically expressed in Arabidopsis, the resulting transgenic plants display a morphology quite similar to that of a phyB mutant. In fact, these properties of OsPIL13 are highly analogous to those of authentic PIL6. 18) Other OsPILs are less characteristic at preset in this study. As far as the amino acid sequences are concerned, however, OsPIL15 and OsPIL16 appear to be counterparts of PIF3, the best characterized PIL family member of A. thaliana (see the introduction). It is also known that expression of PIF3 is rapidly repressed during deetiolation in response to light. 12) Interestingly, this property of PIF3 is similar to that observed for OsPIL15 in rice de-etiolated seedlings (see Fig. 4 ). Further analysis of OsPIL15 is necessary to identify its characteristic property in comparison with PIF3. OsPIL15 might also play a role very close to a phytochrome-mediated signal transduction pathway in rice.
Finally, it is of interest to discuss the functions of phytochromes in rice with reference to OsPILs. The results of recent studies indicate that rice has only three genes encoding phytochromes, PHYA, PHYB, and PHYC.
31) The results of forward genetic studies of these rice genes indicate that phyA and phyB act in a highly redundant manner to control photomorphogenic deetiolation under continuous red light. The seedling In this study, a series of Arabidopsis transgenic lines overexpressing a given OsPIL gene were established, as indicated (e.g., the transgenic line overexpressing the OsPIL11 gene was designated 11-ox, likewise for 12-ox, 13-ox, 14-ox, and 15-ox). With each established T3 seedling, the levels of transcript were examined by northern blotting analysis with specific probes, in order to make sure that they were indeed the desired transgenic plants overexpressing certain OsPIL-transcripts (see insets within the white box at the bottom). Together with the wild-type (Col) plant, the Arabidopsis phyB mutant (using phyB-9, for details see text) and the AtPIL6-ox transgenic line were also employed as references. They were grown for 5 d on an MS-agar plate under light cycle conditions of 8 h light/16 h dark with a relatively low fluence rate (see text). Photographs were taken for two representative seedlings for each, as indicated (note that we examined more than 20 individual T3 seedlings for each line to confirm representative morphologies). morphology of rice is apparently quite different from that of A. thaliana, but there appears to be an analogy between them in that, in principle, light represses the elongation of coleoptiles and also blocks the internode from elongation during the early photomorphogenesis of rice seedlings. 31) In this respect, however, phyA phyB double mutant seedlings grown under red light show the typical dark-grown morphology with long coleoptiles. Considering these analogies between A. thaliana and O. sativa, it is tempting to speculate that the OsPIL identified factors are closely relevant to phytochromemediated biological events in rice. Hence the results of this study should provide a basis for future studies of light-signal transduction in rice. In addition, not only from such a molecular biological viewpoint, but also from a practical one, the picture presented in this study of the light-signal-associated OsPIL family should provide a basis for plant biotechnology, because both the light-regulated height of rice plants and photoperiodic control of their heading (flowering) time are agriculturally important determinants of high yield.
